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Tobacco mosaic virus (TMV) coat protein (CP) in absence of RNA self-assembles into several different structures depending on pH and ionic
strength. Transgenic plants that produce self-assembling CP are resistant to TMV infection, a phenomenon referred to as coat-protein-mediated
resistance (CP-MR). The mutant CP Thr42Trp (CPT42W) produces enhanced CP-MR compared to wild-type CP. To establish the relationship
between the formation of 20S CP aggregates and CP-MR, virus-like particles (VLPs) produced by TMV variants that yield high levels of CP-MR
were characterized. We demonstrate that non-helical structures are found in VLPs formed in vivo by CPT42W but not by wild-type CP and suggest
that the mutation shifts the intracellular equilibrium of aggregates from low to higher proportions of non-helical 20S aggregates. A similar shift in
equilibrium of aggregates was observed with CPD77R, another mutant that confers high level of CP-MR. The mutant CPD50R confers a level of CP-
MR similar to wild-type CP and aggregates in a manner similar to wild-type CP. We conclude that increased CP-MR is correlated with a shift in
intracellular equilibrium of CP aggregates, including aggregates that interfere with virus replication.
© 2007 Elsevier Inc. All rights reserved.Keywords: TMV; CP-MR mechanism; CP mutants; CP aggregates; Stacked disk; 20SIntroduction
Tobacco mosaic virus (TMV) is a positive sense, ssRNA
virus and the type species of the genus Tobamovirus. In the
absence of vRNA, the TMV coat protein (CP) self-assembles
into a wide range of different forms depending on pH and ionic
strength of the medium. It was proposed that the 20S disk,
with sedimentation coefficients from 17S to 19.5S, plays an
important role in the encapsidation process (reviewed in Butler,
1999; Butler and Klug, 1978; Klug, 1999). The 20S disk is a
two-layer cylindrical structure with 17 CP molecules in each⁎ Corresponding author. Fax: +1 314 587 1301.
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doi:10.1016/j.virol.2007.03.014ring. In contrast, there are 16 and 1/3 molecules in each helical
layer of the mature virion.
The role of the 20S aggregates in encapsidation is somewhat
controversial, with some authors proposing that the 20S form
involved in encapsidation is a two-layer helical disk (Caspar
and Namba, 1990). It was also proposed that several different
structures comprise the 20S form, depending on buffer con-
ditions in which the aggregate is formed; i.e., some aggregates
exhibit a helical arrangement and others are non-helical. The
non-helical nature of the stacked disk structure was demon-
strated by electron micrographs of stacked disks of CP produced
in vitro, using a monoclonal antibody specific for one end of the
virion; the antibody bound to both ends of the stacked disks but
to a single end of helical disks (Dore et al., 1990). Later, it was
shown that the structure of a disk pair that forms the stacked
disk closely resembles the AA ring pair found in the crystal
structure of the four-layer disk assembly (Diaz-Avalos and
Caspar, 1998). It has also been demonstrated that interconver-
sion between the 17S bilayer disk (thought to be non-helical)
and other 20S structures are only possible through an
intermediary 4S structure (Raghavendra et al., 1988). These
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involved in virus encapsidation.
Transgenic plants that produce TMV CP are resistant to
TMV infection, a phenomenon referred to as coat-protein-
mediated resistance (CP-MR; see reviews by, Beachy, 1999;
Bendahmane and Beachy, 1999). When amino acid residue 42
(Thr) in the CP was mutated to Trp (CPT42W), CP-MR was
greatly enhanced, while a mutant CP that did not assemble did
not confer CP-MR (Bendahmane et al., 1997). In a subsequent
report, Bendahmane et al. (2002) reported that CPT42W reduces
production of virus-encoded movement protein (MP) during
TMV replication, thereby restricting cell–cell spread of
infection. The CPT42W mutant also reduced the formation of
virus replication complexes (VRCs), and we proposed that CP
plays a regulatory role in establishing the VRCs (Asurmendi
et al., 2004).
In an accompanying paper, Bendahmane et al. (2007)
reported that mutations of a.a. 50 and 77 caused different
effects on encapsidation, CP-MR and virus replication. To
better understand the link between structures of CP aggregates
and CP-MR, we characterized the relationship between the
types of VLPs formed by several of the CP mutants (reported in
Bendahmane et al., 2007, accompanying paper in this issue) and
the biological effects of the CP. Here we present evidence that,
in vivo, CPT42W and other CP mutants that yield high levels of
CP-MR produce VLPs that contain non-helical disks whereas
wild-type (w.t.) CP produces VLPs made up solely or primarily
of helical discs. Velocity sedimentation studies show that
CPT42W and other high-resistance mutations exhibit a shift in
the intracellular equilibrium of CP aggregates toward a higher
proportion of smaller 20S aggregates compared with w.t. CP.
Further, CPs that are mutated at amino acid (a.a.) positions 50
and 77 and exhibit a similar shift in equilibrium of CP
aggregates exhibit enhanced CP-MR similar to CPT42W. We
propose that structural equilibrium of the aggregates of TMV-
CP plays an important role both in the biological functions of
CP and in CP-MR.
Results
Previous work from our laboratory demonstrated a correla-
tion between assembly of TMV CP into VLPs and CP-MR
against TMV (Bendahmane et al., 1997). CPT42W, a mutant CP
that provides very high levels of CP-MR, forms long, rod-like
protein aggregates (Bendahmane et al., 1997). While mechan-
isms for the increased efficacy of CPT42W in CP-MR are not
experimentally established, we developed structural models of
aggregates of CPT42W and conducted experiments to test the
hypothesis that the state of aggregation of mutant CPs are
correlated with high and low levels of CP-MR.
Structural model of CPT42W
CPT42W is known to form VLPs, some of which appeared to
include helical and non-helical aggregates (Bendahmane et al.,
1997; described in detail below). We therefore developed
models that included the helical (Figs. 1a–c) and non-helical(Figs. 1e, f) configurations, and the structural environments of
the 42W residue were analyzed (Tables 1 and 2). In the helical
structure, the subunits are arranged in a right-handed helix with
sixteen and 1/3 subunits per turn. In the non-helical structure,
seventeen subunits are arranged as a flat disk with the tops of
two disks facing each other.
As is apparent from these analyses, the region around residue
42 is more compact in the helical than in the non-helical con-
figuration. In the helical arrangement, the side chain of residue
42W contacts three adjacent subunits whereas it contacts two
subunits in the non-helical conformation. As summarized in
Tables 1 and 2, the contact area for 42W is larger and involves
more main chain interactions in the helical aggregate than in the
non-helical configuration. The other striking difference between
the two forms is that residue 42W in the helical configuration is
entirely enclosed by hydrophilic residues whereas the contacts
in the non-helical conformation are more evenly divided among
the hydrophobic and hydrophilic side chains. Furthermore,
there is more space around the 42W contact residues in the non-
helical aggregate, allowing it to more easily accommodate the
bulky, hydrophobic tryptophan. Indeed, most of the contacts
between 42W and neighboring hydrophilic residues are made
via the aliphatic portions of the side chains (compare Fig. 1c
with f ). Together, this suggests that the T42W mutation is more
easily accommodated by the looser and more hydrophobic
packing found in the non-helical fibers.
The most unexpected result was that, in the non-helical
arrangement, 42W residues from adjacent disks can interact with
each other. In the flat disk arrangement, the top of one disk
contacts the top of the adjacent disk by virtue of 2-fold axes that
lie perpendicular to the long axes of the non-helical fibers (Figs.
1e and f). This places the 42W residue of one subunit in contact
with the 42Wresidue from the adjacent subunit.When compared
with the helical conformation in which 42W residue is tightly
packed amongst hydrophilic residues, this 42W–42W interac-
tion would be expected to significantly stabilize the non-helical
structure. Therefore, themodeling studies suggest that the T42W
mutation simultaneously causes unfavorable subunit contacts in
the helical fiber while creating favorable interactions in the non-
helical stacked disk conformation. It therefore follows that the
T42W mutation should increase the propensity for the subunits
to form aggregates composed of stacked disks comprised of AA
dimers. This is in agreement with our earlier studies that
showed virus-like particles recovered from plants infected with
TMV-CPT42W lack RNA and that the virus-like particles (VLP)
contain stacked disks (Bendahmane et al., 1997).
Characterization of TMV-CPT42W VLPs
The working hypothesis for the modeling studies was that
mutation T42W favors the formation of non-helical disks
aggregates in vivo. We conducted tests to determine if the
hypothesis was correct. TMV particles and VLPs containing
TMV-CPT42W were purified from infected tobacco leaves as
described in Materials and methods. The identity and purity of
the w.t. CP and CPT42W were confirmed by MALDI-TOF mass
spectrometry (data not shown).
Fig. 1. Structural models of helical (a–c) and non-helical (d–f) assemblies of TMV CPT42W. Panels a and d represent the molecular surfaces of two disks of helical and
non-helical assembly of the protein, respectively. Images are colored according to electrostatic potential with positive and negative charges represented by blue and red,
respectively. Panels b and e show the general locations of the T42W mutation (highlighted by the white circle) in the helical and non-helical assemblies, respectively.
Note that there is significantly more open space between the non-helical stacked disks than in the helical fibers. Each subunit of the aggregate is represented by a
differently colored C-α backbone. Panels c and f are stereo images showing the environments of a.a. 42W in the helical and non-helical aggregates, respectively. The
residues in contact with 42W are colored according to atom type with carbon, nitrogen and oxygen colored yellow, blue and red, respectively. The side chains for the
42W residue are represented by white stick models. Note that the 42W side chain environment is more crowded and hydrophilic than observed in the stacked disk
conformation.
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equilibrium of CP aggregates of CPT42W, we compared the
length of purified VLP particles with those immuno-captured
(on EM grids) immediately after lysing infected protoplasts.
Particle lengths were somewhat longer in the immuno-capture
sample than in the purified sample, and the frequency of
certain particles were somewhat different between the two
samples (Fig. 2). Nevertheless, the overall conclusion of
the study is that extraction and purification of particles did
not significantly alter the range of sizes of VLPs formed by
TMV-CPT42W.
Cryo-electron microscopy of TMV and VLPs of TMV-CPT42W
Particles produced during infection by TMV and TMV-
CPT42W were purified and subsequently visualized by cryo-
TEM. At low magnification (10,000×), it was apparent that
TMV-CPT42W formed extremely long particles (Fig. 3a). At
higher magnification (25,000×), there were two apparent
differences between w.t. virions and VLPs of TMV-CPT42W.First, while end-to-end alignment of particles formed long rods
in both cases (Fig. 3b TMV and Fig. 3c TMV-CPT42W), the
VLPs of CPT42W are often joined at an angle not observed in w.t.
TMV. Second, the ends of some VLPs and the ‘angled joints’
were different compared with other regions of the VLP (Fig. 3c,
see the arrow in the enlargement of the ‘angled joint’, Fig. 3c′).
Interestingly, this ‘angled joint’ portion of the TMV-CPT42W
VLPs resembles the structure of a stacked disk.
The most direct method to determine if such particles have a
helical or non-helical character is to perform a Fourier transform
of the fiber image. Fast Fourier transformation (FFT) (Figs.
3d, e) was carried out on selected regions of both types of
structures (black squares in Figs. 3b and c, respectively). This
analysis showed the expected repetition in the diffraction
pattern along the length of each type of particle. The distance
between the patterns for TMVand regions of TMV-CPT42W that
did not have a stacked disk appearance was 23 Å. In contrast,
FFT analysis of regions of stacked disk-like structures in TMV-
CPT42W VLPs exhibited repeat distances of approximately 25 Å
Table 2
Summary of the nature of the contacts between CPT42W and adjacent subunits in
the two different kinds of aggregates
Contact type Helical Non-helical
Main chain Side chain Main chain Side chain
Basic (H, K, R) 4.5 38.6 0.0 31.6
Polar (N, Q, S, T) 31.4 101.1 21.3 51.4
Small (A, G) 12.0 18.3 4.9 0.0
Non-polar (C, I, L, M, P, V) 14.8 7.4 10.1 26.3
Aromatic polar (W, Y) 0.0 0.0 0.0 17.6
Total area 62.7 165.4 36.3 126.9
The numbers represent the contact surface area in units of Å2. Note that the total
contact area and main chain contacts are significantly greater in the helical fiber,
suggesting a tighter packing arrangement. Also note that there is significantly
more hydrophobic contact in the non-helical aggregate.
Table 1
Residues in contact with the CP42W side chains in the helical and non-helical
aggregates
Aggregate Residue Main chain Side chain
Helical
Q38 6.3 4.1
Q39 10.3 8.9
V43 5.0 7.4
Q45 0.0 14.4
R46 0.0 17.7
G32* 4.5 0.0
N33* 2.1 2.1
Q34* 5.2 21.0
P78** 9.8 0.0
T81** 0.0 11.0
A82** 7.5 18.3
R122*** 4.5 20.9
S123*** 7.4 7.7
N126*** 0.0 24.7
N127*** 0.0 7.2
Non-helical
Q38 4.4 10.5
Q39 8.4 2.7
V43 10.1 8.5
Q45 0.0 9.0
R46 0.0 27.7
R90 0.0 3.8
G32* 4.9 0.0
N33* 4.3 3.8
Q34* 4.2 15.7
Q139** 0.0 9.5
W42** 0.0 17.6
V43** 0.0 17.8
The numbers shown in the table are the calculated contact surface areas in units
of Å2. The residues in contact with W42 from subunits found within the same
disks are denoted by single asterisks while those contacts made by subunits from
adjacent disks are marked by multiple asterisks.
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for FFT of stacked disks (Diaz-Avalos and Caspar, 1998; Diaz-
Avalos and Caspar, 2000); we therefore concluded that CPT42W
forms stacked discs as well as helical discs. Based on the model
described in Fig. 1, we suggest that the formation of rods
containing non-helical stacked disk composed of the AA pairs
observed in the crystal structure of the four-layer stacked disk
(Bhyravbhatla et al., 1998) is due to the increased affinity
between T42W residues.
EM immuno-gold-labeling assays
While FFT analyses supports the hypothesis that VLPs of
TMV-CPT42W contain portions of stacked disks, it is important
to determine whether or not the stacked disks forms are similar
to the AA pairs described in the crystal structure of the four-
layer stacked disk in which the tops of two simple layers are
facing each other, exposing equivalent surfaces on each face of
the stack. (Diaz-Avalos and Caspar, 1998, 2000).
To determine if this is the case, a monoclonal antibody
(Mab#16) that binds to one end of TMV was used (Dore
et al., 1988). This antibody binds to the surface defined as
the ‘bottom’ of the particle that contains the 5′ end of viralRNA (Dore et al., 1990). If the working model is correct, the
TMV-CPT42W particles should include non-helical stacked
disks similar to AA pair and Mab16 should react with both
ends of the particles. Similar results are expected with helical
particles that are joined end-to-end by a non-helical stacked
disks.
Purified preparations of TMV and TMV-CPT42W were
subjected to an immuno-gold labeling assay using antibody
Mab#16. TMVexhibited two different labeling patterns, namely
labeling at one end or in the middle of particles greater than unit
length (Fig. 4a). VLPs of TMV-CPT42W exhibited three different
patterns of labeling; labeling at a single end, in the middle of
particles (Fig. 4b) and at both ends of particles (Fig. 4c). Table 3
presents the data from these studies with statistical analyses.
The fact that only CPT42W VLPs yielded particles that are
labeled at both ends lends support to the hypothesis that such
VLPs contain non-helical stacked disks. In w.t. TMV labeling
within particles occurred only in particles greater than unit
length, suggesting that labeling occurs at the junction of two
particles. TMV is known to align end-to-end to form long
particles (Beachy and Zaitlin, 1977).
In the case of VLPs composed of CPT42W, we observed a
range of particle sizes that were labeled by antibody within the
particle; we propose that these particles represent the junction of
VLPs. Statistical analysis of the data shows a significantly
higher proportion of particles with internal labeling in samples
that contain the VLPs of CPT42W than in samples that contain
TMV (Table 3). The long rods in samples that contain VLPs of
CPT42W include helical regions containing or joined together by
non-helical stacked-disks. This is in agreement with the FFT
data showed in Fig. 3e.
Correlation between CP aggregation and CP-MR
To determine if other CP mutants that confer CP-MR
activities similar to CPT42W have similar physical character-
istics, we examined a subset of mutant CPs with single
substitutions at a.a. Glu 50 and Asp 77 as described by
Bendahmane et al. (2007, accompanying paper in this issue).
Mutations were made to create carboxyl-carboxylate interac-
tions between adjacent CP monomers in virions and VLPs.
Fig. 2. Histogram of the distribution of sizes of the particles. Comparison of the distribution of sizes of particles of TMV-CPT42W between of particles and immuno-
captured particles.
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al., 1995; Namba et al., 1989) suggested that these residues
likely stabilize the quaternary structure of virions but not the
tertiary structure of the CP monomer. Therefore, mutations at
these sites are expected to alter the aggregation properties of
mutant CPs. Bendhamane et al. described the effects of
mutations at positions 50 and 77 with regard to effects on
assembly of virions and on systemic infection (indicative of
encapsidation of vRNA). This work also described the effects of
mutant CPs on TMV replication and capacity to confer CP-MR
(summarized in Table 1 of Bendahmane et al., 2007,
accompanying paper in this issue). Mutants are grouped in
three classes according to various characteristics. One group of
mutants does not change virus replication and does not confer
CP-MR. A second group enhances virus replication and confers
CP-MR similar to w.t. CP. The third group reduces virus
replication and virus replication complexes (VRCs) and confers
elevated levels of CP-MR. The mutant CPT42W belongs to the
latter group. Based on these and other characteristics we
selected mutants representing the second group (CPE50R and
CPD77K) and the third group (CPD77R and CPE50D) for analysis.
Infection caused by TMV-CPE50R and TMV-CPD77K
produced virions with structures similar to wild-type virus,
i.e., with regular helical ultra-structure. Particles produced by
TMV-CPE50R are longer than w.t. TMV while particles of
TMV-CPD77K tend to be somewhat shorter (on average) than
w.t. TMV. In contrast, virions/VLPs produced by TMV-
CPE50D and TMV-CPD77R reveal ultra-structures with
regions reminiscent of the stacked disks observed in VLPs
produced by TMV-CPT42W (see Fig. 2 of Bendahmane et al.,
2007, accompanying paper in this issue).
Sucrose density gradients of virus mutants
To determine the nature of aggregates produced by CP mu-
tants, a sucrose gradient sedimentation assay was performed.
Extracts of infected leaves were loaded on linear 5–40 %
sucrose gradients and following centrifugation, eight fractionsand the pellet were collected. Fig. 5 shows the results of western
blot analyses of equal volume aliquots of each fraction. In
agreement with previous data, most of the CP produced by w.t.
TMV assembles to virions and is found in the pellet; a smaller
but significant amount of CP sediments throughout the
gradient. This pattern represents different levels of aggregation
of CP and sub-viral particles that contain segments of TMV-
RNA (Beachy and Zaitlin, 1977). In contrast the mutant
CPT42W produces VLPs (lacking vRNA; Bendahmane et al.,
1997) and other aggregates that sediment in the upper part of
the gradient (fraction 1 to 4); small amounts of CP are found in
the pellet.
CPE50R and CPD77K exhibited a pattern of sedimentation in
sucrose gradients similar but not identical to w.t. virus. In
contrast, CPD77R and CPE50D showed a pattern of sedimentation
similar to CPT42W. Mutants CPT42W, CPE50D and CPD77R
produced a larger proportion of mid-sized aggregates in
comparison with w.t. TMV, CPE50R and CPD77K. The finding
that mutants in these two groups confer similar biological
functions with regard to virus replication and CP-MR (above)
leads us to propose that the equilibrium of CP aggregates plays a
role in CP functions other than in virus assembly per se.
Discussion
Modeling studies suggest that mutation of residue 42 of
TMV CP from T to W has two effects on the formation of
helical aggregates. Firstly, the mutation is likely to interfere with
the formation of helical structures since the area of the mutation
is tightly packed with amino acids that contain hydrophilic side
chains. Secondly, the mutation appears to promote the
formation of AA dimers (Fig. 1e). In this conformation, the
environment around residue 42 is less compressed and less
hydrophilic than in w.t. virions. Furthermore, this conformation
places residue 42W in adjacent disks in direct contact with
each other. We propose that these two effects act together to
drive the equilibrium of CP aggregates towards the non-helical
Fig. 3. Cryo-electron microscopy of purified particles. (a, c, c′ and e) Virus-like
particles of TMV-CPT42W; (b, d and f) Virions of TMV. (a) 10,000×
magnification; (b and c) 25,000× magnification. (c′) Shows an enlargement of
(c) the arrow points to the stacked disk-like structure in the ‘angled joints’
described in the text. (d and e) Fast Fourier transformation images. The black
squares on panels b and c indicate the areas used in the FFT.
Fig. 4. Inmuno-gold labeling of purified particles using Mab #16. (a) TMV
particles: left panel shows a particle with a single labeled end; the panel on the
right shows label within the particle, see arrows. (b) TMV-CPT42W particles: left
panel shows a particle with a single end-label, and the panel on the right shows
labeling within the particle. (c) TMV-CPT42W particles with both ends labeled.
The bar represents 100 nm.
Table 3
Number of particles with reaction to Mab#16 labeled with colloidal gold, with
emphasis on site of location on the particle
Type of
particle
Label at single end
of particle (%)
Label within the
particle (%)
Label at both ends
of particle (%)
TMV 75 of 103 (73)a 28 of 103 (27)a 0 of 103 (0)
VLPs of
TMVCPT42W
67 of 123 (54)a 46 of 123 (38)a 10 of 123 (8)
a χ2 test=out of normality.
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presence of particles containing non-helical disks. Earlier
studies showed that, in solutions that contain TMV CP, an
equilibrium of different states of aggregation is established, and
the proportion of each is correlated with pH and ionic strength
of the solution (Butler, 1999; Klug, 1999). The data obtained in
the present work are consistent with the hypothesis that, in the
case of TMV-CPT42W, the relative abundance of the non-helical
stacked disk form is increased.
CP mutants with biological properties similar to those of
CPT42W revealed correlations between sedimentation of CP
aggregates in sucrose gradients and biological features. For
example, CPD77R is similar to CPT42W in reducing formation of
VRCs during infection, in conferring high levels of CP-MR, in
forming stacked disks and in patterns of sedimentation in
sucrose gradients. Mutant CPE50D reduced formation of VRCsand virus replication in protoplasts and exhibited similar
patterns of sedimentation in sucrose gradients as CPD77R and
CPT42W. This mutant yielded high levels of CP-MR in the local
lesion host but not in systemic hosts (Bendahmane et al., 2007,
accompanying paper in this issue).
CPE50R and CPD77K have sedimentation patterns that are
different than CPT42W and more similar to patterns of w.t. TMV;
like w.t CP, CPE50R provides CP-MR. The fact that CPD77K does
not confer CP-MR may be due to the observation that VLPs
produced by this mutant are associated with cellular debris and
Fig. 5. Sucrose gradient analysis. Leaf homogenates were prepared from infected
plants and analyzed on linear 5–40% sucrose gradients. Gradients were collected
in 8 fractions plus pellet, and aliquots were subjected to SDS-PAGE and western
blot analysis using anti-TMV serum. T=top of the gradient, B=bottom and
P=pellet.
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accompanying paper in this issue).
It was previously demonstrated that CPT42W produces greater
amounts of 20S aggregates compared with w.t. CP, and that the
level of CP-MR produced by CPT42W was significantly greater
than CP-MR produced by w.t. CP (Bendahmane et al., 1997).
Similar results were obtained with the CPD77R (Bendahmane
et al., 2007, accompanying paper in this issue). We propose,
based on the results of previous and present studies, that the
increased level of CP-MR in plants that express these mutants is a
result of the shift in intracellular equilibrium of the CP aggregates.
Our data suggest that the multiple functions of TMV CP
are mediated by the physical nature of aggregates of CP, in
particular, that some of the functions are mediated by helical
structures while others are mediated by stacked discs. CPs that
produce small amounts of midsized aggregates (relative to total
CP) have a positive effect on virus replication, while mutants
that yield stacked discs and high amounts of smaller aggregates
reduce replication. We proposed earlier that a function of the CP
is to regulate the formation of VRCs by regulating production of
MP; this likely regulates the production of other viral proteins
and virus replication (Asurmendi et al., 2004; Bendahmane et
al., 2002). It is known that production of MP decreases during
late stages of the infection (Lehto et al., 1990; Watanabe et al.,
1984). We propose that increased concentrations of CP during
replication result in changes in the states of aggregation of CP
which in turn modulates MP expression. In the case of CPT42W
and other CP mutants, the equilibrium is altered by the nature ofthe mutation and regulates MP production and formation of
VRCs.
Other viral CPs are known to possess activities in addition to
encapsidating vRNA. For example, Alfalfa Mosaic Virus
(AlMV; an ilarvirus) CP activates the viral genome and is a
positive regulator of synthesis of plus-strand vRNA (Bol,
2005). Similar results were reported for tobacco streak ilarvirus
(van Dun et al., 1988). Nevertheless, CPs of AlMV and TSV
confer CP-MR. Likewise, the CP of potato virus X confers CP-
MR by reducing infection of single cells as well as spread of
infection (Bazzini et al., 2006). The mechanisms of ‘negative
regulation’ by the CPs of ilarviruses and PVX during CP-
mediated resistance are not known. In contrast, accumulation of
CP of rice yellow mottle virus (RYMV) in transgenic rice plants
increased the rate of virus replication and disease in these plants
(Kouassi et al., 2006) and leads to the suggestion that CP of
RYMV is a positive rather than a negative regulator of virus
replication. These observations, in combination with data
reported here for mutants of TMV CP, suggest that functions
of CP can be altered by specific mutations, some of which can
be to confer or enhance levels of CP-MR that will increase virus
resistance in transgenic crops.
Materials and methods
In vitro transcription, protoplast isolation and transfection
To obtain infectious viral RNA from the full-length cDNA
clone of TMV RNA, pU3/4-12 (Holt et al., 1990) or pTMV-
CPT42W (Bendahmane et al., 1997), the MEGAscriptTM
Transcription kit (Ambion, USA) was used according to the
manufacturer's recommendations. Reactions were supplemen-
ted with m7G(5′)ppp(5′)G Cap Analog (Ambion, USA).
Tobacco BY-2 protoplasts were prepared from suspension cell
cultures essentially as previously described (Watanabe et al.,
1982) and 1.5×106 cells were inoculated by electroporation and
incubated at 28 °C in the dark.
Virus purification
The standard purification procedure was shown to be not
effective in purifying VLPs of TMV-CPT42W (Asselin and
Zaitlin, 1978). Therefore, we used a modified protocol in which
ultracentrifugation steps were omitted (Fenczik et al., 1995).
Large amounts of TMV and TMV-CPT42W were obtained by
this procedure. The identity and purity of the CP was confirmed
by MALDI mass spectrometry (data not shown).
In brief, TMV and VLPs were isolated from infected
tobacco leaf tissues that were triturated in 0.5 M phosphate
buffer pH 7.0, 143 mM β-mercaptoethanol (1 ml/g of fresh
tissue). Two volumes of water-saturated chloroform/butanol
(50:50) were added and the samples were centrifuged for
15 min at 3000×g. To precipitate the virions from the aqueous
phase, 4% PEG-8000 (w/v final concentration) was added to
the samples for 10 min on ice. Virus was collected by centri-
fugation in a microfuge, resuspended in 10 mM phosphate
buffer pH 7.0 and centrifuged again to remove insoluble
105S. Asurmendi et al. / Virology 366 (2007) 98–106material. Finally, virus was precipitated again with 4% PEG-
8000 and 1% NaCl (w/v) and collected by centrifugation.
Sucrose density gradient analyses
Homogenates were prepared from three grams of fresh
leaves harvested from transgenic plants and were analyzed on
linear 5% to 40% sucrose gradients as previously described
(Bendahmane et al., 1997). Fractions of 0.8 or 1 ml were
collected from the top and aliquots of 10 μl were analyzed by
sodium dodecyl sulfate–polyacrylamide gel electrophoresis
(SDS–PAGE) and Western blot assays.
Electronic microscopy and immuno-capture of virus-like
particles
Infected BY-2 protoplasts were harvested 20 h after
electroporation and homogenized in PBS. Formvar-coated
nickel grids (200 mesh) were incubated 20 min with a 1/50
dilution of rabbit anti-TMV CP antibody, washed and then
blocked with a solution of 0.2% BSA in PBS for 15 min. Grids
were floated on drops of the samples for 30 min and then
washed five times with PBS. Samples were negatively stained
with 1% phosphotungstic acid solution (pH 6.8) for 2 min, dried
and examined on a LEO 912AB TEM. The images were
recorded using a CCD camera (2 Kb×2 Kb). In the case of the
purified particles from infected leaves, the grids were deposited
on top of the samples for 20 min and then negatively stained as
described above.
Cryo-electron microscopy
The samples were prepared by placing a 7-μl drop of virus
suspension on a holey grid, blotted with filter paper and plunged
into ethane slush. The grids were stored in liquid N2.
The grids were examined using a LEO 912AB TEM
equipped with a Gatan anticontaminator; a Gatan 626 cryo-
holder was used to mount the grids. Low-dose images were
taken at 10,000 and 25,000× using an accelerating voltage of
80K eV. The fast Fourier transformation (FFT) was performed
on selected zones of the images using the Software AnalySIS
(Soft Imaging System, Gnbh, Munster, Germany).
Immuno-gold labeling
EM grids (Formvar coated, 200 mesh) were floated on drops
of the virus suspension samples for 20 min. The grids were
treated with PBS BSA (1% w/v) for 20 min and the first
antibody [Mab #16, ATCC 931 (Dore et al., 1988)] was applied
and incubated for 1 h (1/50 in PBS 0.2% BSA). After washing
four times with PBS/BSA (0.2% w/v), the second, gold-
conjugated antibody was incubated with the grid for 1 h (1/200,
goat anti-mouse, 12 nm colloidal gold, Jackson Immunor-
esearch, USA). The grids were washed five times with PBS/
BSA (0.2% w/v) and rinsed twice with deionized water.
Finally, the grids were negatively stained and observed as
described above.Structural modeling
The model for the helical assembly of TMV (Namba et
al., 1989) and the ‘AA ring pair’ of the four-layer disk
(Bhyravbhatla et al., 1998) structures were used as templates
to model the CPT42W protein. Program O (Jones et al., 1991)
was then used for ‘mutating’ the residue and selecting the
rotametric position that exhibited the fewest steric clashes. It
should be noted that in the case of the non-helical structure,
residue R46, which is structurally adjacent to 42W, could
have been moved to an alternative rotametric position but
was left unmodified to prevent bias in the subsequent contact
calculations. From each of these aggregates, a cluster of
four subunits was selected to insure that the entire
environment of the T42W mutation was represented. These
clusters of four subunits were then subjected to Powell
energy minimization using the program X-Plor (Brünger,
1992). The contact environment of the 42W side chain
was then analyzed using the program MS (Connolly, 1981;
Connolly, 1983a; Connolly, 1983b) and a 1.7-Å probe
radius.
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